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ABSTRACT
The Swift XRT has been observing GRB afterglows since
December 23, 2004. Three-quarters of these observa-
tions begin within 300 s of the burst onset, providing an
unprecendented look at the behavior of X-ray emission
from GRB afterglows in the first few hours after the burst.
While most of the early afterglows have smoothly de-
clining lightcurves, a substantial fraction has large X-ray
flares on short time-scales. We suggest that these flares
provide support for models with extended central engine
activity producing late-time internal shocks.
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1. INTRODUCTION
The Swift Explorer mission (Gehrels et al., 2004) was
launched on November 20, 2004. It is detecting two
bursts per week on average, and following these up with
detailed optical/UV and X-ray observations. In 75% of
the bursts, the spacecraft can slew immediately to the
field and observations with the X-ray Telescope (XRT;
Burrows et al., 2005a) begin within 5 minutes of the GRB
trigger (in the remaining cases the source is too close to
the Earth, Moon, or Sun and XRT observations are de-
layed). While early X-ray observations are available for
a handful of previous bursts (e.g., see Piro et al., 2005),
the large number of these observations made available
by Swift is revolutionizing our knowledge base of early
GRB X-ray afterglows. At the time of this writing (31
October 2005), the XRT has detected 67 X-ray afterglows
of GRBs (exceeding the total pre-Swift afterglow sam-
ple), 51 of which were observed within 300 s of the trig-
ger.
Here we discuss the discovery of X-ray flares, commonly
seen during the first several hours after the burst. These
flares are seen in approximately 50% of all GRBs, and
cover a range of time-scales and intensities. This pa-
per will highlight some of the key findings that led us
to the conclusion that the flares are produced by ex-
tended central engine activity producing X-rays from in-
ternal shocks at times long after the cessation of hard X-
ray/gamma-ray emission.
2. GRB 050406
Although in retrospect, the first flare observed by the
XRT was probably in GRB 050219A (Tagliaferri et al.,
2005; Goad et al., 2005), the first clear-cut example
was GRB 050406 (Romano et al., 2005; Burrows et al.,
2005b). The X-ray light curve of GRB 050406 is shown
in Figure 1. There is a strong flare peaking at about 210 s
after the BAT trigger, which rises above the underlying
power-law decay by a factor of 6. The rapid power-law
decay in the first 1000 s has a decay index of 1.58±0.17.
At about 4400 s the light curve breaks to a flatter decay
index of 0.50+0.14
−0.13 (Romano et al., 2005). When the un-
derlying decay is subtracted, the flare itself peaks at 213 s
and has rise/fall rates (expressed as power-law indices) of
±6.8. The flare can also be fitted as a Gaussian, in which
case the width is 17.9+12.3
−4.6 s, and δt/tpeak ∼ 0.2 ≪ 1,
where we take δt = FWHM of the Gaussian = 42.2+29.0
−10.8 s.
The light curve of the flare can be obtained in two energy
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Fig. 2. X-ray light curve of the XRF 050406 afterglow in the 0.2–10 keV energy band. The curve is background-subtracted and the time is
referred to the BAT trigger, 2005 Apr 06 at 15:58:48.4 UT (Parsons et al. 2005). The last point after 106 s is a 3-σ upper limit. Inset: details of
the first ∼ 1000 s, which include data in all XRT modes. The (yellow) diamonds represent LrPD mode data taken during the latter portion of
the slewing phase; the (cyan) triangle is the initial IM point (84 s after the trigger, see Table 1), the downward-pointing arrow is a LrPD limit
(pointing, 91 s after the trigger), the (blue) circles are WT mode data (starting from 92 s after the trigger), and the (red) squares are PC mode
data (starting from 99 s after the trigger). The data have been corrected for pile-up (where appropriate) and PSF losses. The solid (red) line
represents the best-fit broken power-law model to the light curve (excluding the flare).
snapshot of the first observation, and PC data for all 9 available
observations (see Table 1). During the initial phases of the af-
terglow evolution (< 4×104 s since the BAT trigger) we binned
the source counts with a minimum of 30 counts per time bin,
and dynamically subtracted the normalized background counts
in each bin. The PC mode data were corrected for the effects of
pile-up. We note that, by keeping to the minimum number of
counts per time bin criterion, we created several bins during the
first snapshot, but subsequently needed to merge data belong-
ing to snapshots 1 and 2 (point at ∼ 4 ks), then from snapshots 3
and 4 (point at ∼ 20 ks), and later on from snapshots 5 through
8 (point at ∼ 35 ks). Afterwards, we used XIMAGE with the op-
tion sosta, which returns vignetting- and PSF-corrected event
numbers within a specified box, and can calculate the back-
ground in a user-specified region. To ensure uniformity with
the early light curve, the background was estimated in the same
region as the one used for the initial part of the light curve. We
thus obtained a signal-to-noise ratio S/N >∼ 3 (the only excep-
tion being the point at ∼ 33 ks which has S/N >∼ 2). The last
point is a 3–σ upper limit.
The light curve clearly shows a complex behaviour, with
a power law decay underlying a remarkable flare which peaks
at ≈ 210 s after the BAT trigger (see Fig. 2, inset). To fit the
light curve we used the BAT trigger as reference time and we
only considered spectroscopic-mode data obtained while XRT
was pointing, thus excluding the early LrPD, the LrPD upper
limit and the IM point. Further excluding the data taken dur-
ing the flare (180 s < t < 300 s), a fit with a simple power
law yields χ2
red = 4.32 (12 d.o.f.), which is unacceptable. A
fit with a broken power law F(t) = Kt−α1 for t < tb and
F(t) = K t−α1b (t/tb)−α2 for t > tb, where tb is the time of
the break, yields α1 = 1.58 ± 0.17 and α2 = 0.50+0.14−0.13, and
a break at ∼ 4400 s after the BAT trigger. This latter model
yields a good fit (χ2
red = 1.20; 10 d.o.f.), a significant im-
provement from the simple power law (null hypothesis prob-
ability = 1.7 × 10−3, equivalent to 3.2 σ), but some of the pa-
rameters are not well constrained. Alternatively, a fit with two
Figure 1. Background-subtracted X-ray light curve of GRB 050406 (0.2-10 keV). The red solid line shows the best-fit
broken power-law model for the points excluding the flare at about 210 s. The inset shows details of the first 1000 s.
Yellow diamonds are data taken in Photodiode (PD) mode, the cyan triangle is from the Image (IM) m de frame, the blue
circles are from Windowed Timing (WT) mode data, and the red squares are Photon-Counting (PC) mode (see Hill et al.,
2004). For details of the data processing and analysis, see Romano et al. (2005).
bands to allow earch fo spectral v riations. Figure 2
shows the light curve in soft and hard bands, as well as
the ratio of the hard to soft bands. The flare begins in
the hard band, softening significantly as it decays. This
is similar to the behavior typically s n in the prompt
gamma-ray emission from GRBs, and in particular, seen
in the prompt emission from this burst.
To reiterate, the key features seen in his flare are:
• Underlyi g afterglow consistent with single slope
before and after the flare.
• Flare increases by factor of 6.
• δt/t ≪ 1 for both the rising and falling sides of the
flare.
• Flare softens as it progresses.
3. GRB 050421
The XRT observations of GRB 050421 show a large flare
and a small flare superposed on a single power-law decay
with a decay index of 3.1 ± 0.1 (Figure 3). Although
not as well sampled as GRB 050406, primarily due to the
extremely rapid rise and fall of this flare, the X-ray light
curve can be well-modelled as a single power-law decay
with two Gaussian flares superposed. The stronger flare
peaks at 111 ± 2s and has an extremely steep rise and
P. Romano: X-ray flare in XRF 050406 5
smoothly joined power laws F(t) = K′[(t/tb)−α1 + (t/tb)−α2 ]
yields χ2
red = 1.29 (10 d.o.f.) with s milar va ues for e in-
ferred paramet rs. A summary of the fits to th light curve can
be foun in Table 3. As a referen e, the 0.2–10 keV unabsorbed
flux at tb is (4±1)×10−13 rg cm−2 s−1 (we adopt d a count rate
to unabsorbed flux conversion factor of 6.5 × 10−11 erg cm−2
count−1, obtained from the best fit models derived in Sect. 3.3).
During the flare a rebrightening of the source by a factor
of >∼ 6 in flux was observed between T − T0 ∼ 154 s and
the peak at ∼ 210 s. Both t e rising and the falling part of the
flare had very steep slopes that, when fit with a simple power
law, yield α1,flar = −6.1 ± 1.9 and α2,flare = 4.9 ± 0.1. When
the underlying power-law afterglow is subtracted, the sides are
more symmetrical, with α1,flare = −6.8+2.1−2.4 and α2,flare = 6.8
+2.0
−3.6
(the errors are dominated by the uncertainty in the placement
of the flare boundaries) and the peak is at 213 ± 7 s from the
BAT trigger. The flare can also be characterised, as a simple
parametric description, as a Gaussian line. A combined broken
power law and Gaussian model fit yields a peak at 211+5.4
−4.4 s
and a width 17.9+12.3
−4.6 s (χ2red = 1.58, 17 d.o.f.). In this case
the ratio of the characteristic time-scale and the peak time is
δt/tpeak ∼ 0.08 or 0.20, when using the Gaussian width or its
FWHM (42.2+29.0
−10.8 s), respectively. In either case, δt/tpeak ≪ 1,
which puts severe constraints on the emission mechanisms that
can produce the flare. We shall address this issue in the discus-
sion. Integration of the Gaussian best-fitting function yields an
estimate of the fluence of the flare, (1.4± 1.0)× 10−8 erg cm−2.
The large error reflects the uncertainty on the actual model used
for the integration of the flare.
We also extracted events from the first snapshot WT data
in two more energy bands, 0.2–1 keV (soft, S) and 1–10 keV
(hard, H), as well as the full band, 0.2–10 keV. We used the
same regions as the ones described above, a constant time bin-
ning of 30 s and dynamically subtracted their respective back-
grounds. Figure 3 shows the three background-subtracted light
curves, as well as the ratio H/S, which yields an indication of
spectral evolution during the flare as a ∼ 3-σ excess over a con-
stant fit to H/S. Indeed, during the rising portion of the flare the
hard band flux increases by a factor of >∼ 6 while the soft band
flux only increases slightly, so that the spectrum of the flare
starts off as harder than the underlying afterglow, and then it
evolves into a softer state as its flux decreases; this can be seen
in the following time bin, when the soft band flux peaks with
a flare to pre-flare flux ratio of ∼ 3.5. It should be noted that
this behaviour is analogous to the one observed in the prompt
emission in this object (Sect. 1), with the harder band peak pre-
ceding the softer band peak.
At T −T0 ∼ 1.7×105 s a second faint bump is observed. Its
significance is not high, since it is detected as a 2-σ excess over
the underlying afterglow. Similar late-time bumps have been
observed in other Swift-detected GRBs (e.g. GRB 050502B;
Falcone et al. 2005).
3.3. Spectral analysis
The afterglow of XRF 050406 was very faint, hence it is not
possible to perform time-resolved spectroscopy to distinguish
Fig. 3. WT background subtracted light curves. (a): Total band light
curve (0.2-10 keV). (b): Soft band light curve (0.2-1 keV). (c): Hard
band light curve (1-10 keV). (d): Ratio of hard to soft count rates.
the spectral properties of the afterglow proper from the ones
of the flare observed in the light curve. Therefore, we pro-
ceeded as follows. Spectra of the source and background were
extracted in the regions described in §3.2 from the first obser-
vation (000) event files. PC and WT spectra were extracted dur-
ing the first ∼ 500 s of the PC observation (see Table 2 for times
referred to T0), when PC data are piled-up and when the flare
is observed in the light curve. We also extracted PC spectra
after the first 500 s during the first 4 snapshots. For the latter
we used a circular region with a 10 pixel radius (correspond-
ing to ∼ 80 % of the XRT PSF) to minimize the background
and to be able to use the Cash statistics (Cash 1979). Ancillary
response files (ARF) were generated with the task xrtmkarf
within FTOOLS v6.0 using the latest ARF distribution (v003).
These ARFs account for different extraction regions and PSF
corrections. We used the latest spectral redistribution matrices
(v007). The adopted energy ranges for spectral fitting were 0.5–
10 keV for WT and 0.2–10 keV for PC.
We first performed a fit with an absorbed power law to the
WT data (166 counts), which were rebinned with a minimum
of 20 counts per energy bin to allow χ2 fitting within XSPEC.
The Hydrogen column was initially kept as a free parameter,
and then frozen to the Galactic value (2.8×1020 cm−2, Dickey
& Lockman 1990) when the fit yielded a value lower than (al-
though consistent with) the Galactic one. The fit was good,
χ2
red = 1.0 for 6 d.o.f., and yielded Γ = 2.11
+0.31
−0.28. We then
performed a fit with the same model to the remainder of the PC
data during snapshots 1 through 4 using Cash statistics which
is more appropriate given the low number of counts (21 un-
binned counts) and calculated the goodness of the fit via 104
Montecarlo simulations. The fit was good and yielded consis-
tent results. We also performed simultaneous fits to the WT and
Figure 2. Background-subtracted X-ray light curves of
the GRB 050406 flare. (a) Total intensity (0.2-10 keV).
(b) Soft band (0.2-1.0 keV). (c) Hard band (1.0-10 keV).
(d) Band ratio (H/S). Note that the hard band peaks be-
fore the soft band; this is also reflected in the band ratio,
which is quite hard at the onset of the flare. For details
of the data processing and analysis, see Romano et al.
(2005).
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Godet et al.: Spe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Fig. 2. Bakground subtrated XRT light-urve of GRB 050421 over the energy band 0.3-10 keV: A) LrPD slew data (diamonds);
B) IM (triangle), PuPD (square), LrPD (star) and WT pointing data; C) PC pointing data. The best t to the light-urve is
plotted by the solid line. The dotted line orresponds to the bakground level in the PC data. The upper limits are given at 3
. The times of the two X-ray ares are also shown in the plot.
Table 2. Summary of the X-ray spetral tting parameters.
Case Spetrum N
H
(z = 0) ( 10
21
m
 2
)  F
2 10keV

2
(dof)
1 WT 4:4
+4:0
 3:5
0:1 0:3

3:1
+0:5
 0:8
 10
 10
13 (18)
2a 'early' 6:9
+5:9
 3:2
1:0
+0:5
 0:8
7:6
+1:4
 2:7
 10
 11
167
a
(174)
b
2a 'late' 3:8
+3:6
 3:2
1:5
+0:8
 0:7
4:9
+1:6
 2:2
 10
 12
167
a
(174)
b
2b 'early' 4:0 xed 1:1
+0:2
 0:1

5:2 1:3 10
 12
161
a
(174)
b
2b 'late' 4:0 xed 1:1
+0:2
 0:1

7:8
+2:5
 2:2
 10
 12
161
a
(174)
b
3 BAT-XRT/WT 4:0 xed 0:2 0:2 57 (76)
a
Cash statisti value.
b
PHA bins.

The unertainties at a 99% ondene level for one parameter of interest (
2
= 6:63) are  = 0:1
+0:6
 0:5
and  = 1:1
+0:5
 0:2
respetively for WT and PC spetra.
3.3. Combined Gamma-ray and X-ray analysis
To hek whether the early X-ray emission is onneted to
the Gamma-ray emission, we t the BAT and WT spetra
(see Fig. 3) with a single absorbed power-law, but with
dierent normalisation to take into aount the temporal
deay between the two spetra. We xed the N
H
value to
that found for the PC spetra. The single absorbed power-
law gives a good t (see Case 3 in Table 2), onsistent with
the hypothesis that the X-ray and Gamma-ray emissions
were produed by the same emission spetrum.
The spetral evolution seen in our data ould be due
to a shift of the initial burst spetrum towards the lower
energies (Ford et al. 1995).
We used the slope of the joint BAT and XRT/WT
spetra to extrapolate the BAT light-urve into the XRT
0.3-10 keV energy range. Fig. 4 shows the BAT-XRT light-
urve (in units of erg m
 2
s
 1
). For the rst are, peaking
at 111 seonds, we supposed that its spetral slope is the
same as that for the ombined XRT-BAT spetrum.
Note that the end of the BAT light-urve mathes well
the beginning of the XRT light-urve. O'Brien et al. (2005)
have omputed the average GRB X-ray deay urve for a
Figure 3. Background-subtracted X-ray light curve of
GRB 050421 (0.3-10 keV). The solid line shows the best
fit model, consisting of a power-law plus two Gaussian
flares centered at 110 and 154 seconds post-burst. Data
during time period A are in Photodiode (PD) mode (di-
amonds). Time period B has data in PD mode (square
and star), and WT mode. Data in interval C are in PC
mode. For details of the data processing and analysis,
see Godet et al. (2005).
fall, with δt/t ∼ 0.07 for both the rise and fall times, and
increases by a f ctor of 4 above the und r yi g power-law
decay (Godet et al., 2005).
Salient features of GRB 050421 include:
• Underlying afterglow consistent with a single slop
before nd after the flare.
• Flare increases by factor of ∼ 4.
• δt/t ≪ 1 for both the rising and falling sides of the
flare.
4. GRB 050502B
The largest flare seen to date occurred in the light curve
of GRB 050502B (Falcone et al., 2005; Burrows et al.,
2005b). The X-ray light curve of this burst is shown in
Figure 4. The light curve has an enormous flare peaking
at about 650 s post-burst, with late-time bumps at about
30,000 s and 700,000 s. The main flare is shown in more
detail in Figure 5, where the underlying afterglow is in-
dicated by a solid line, as are power-law fits to the rising
and falling parts of the flare, which are extremely steep,
with power-law indices of about 9.5. The fluence of the
giant X-ray flare, ∼ 9 × 10−7ergs cm−2, actually ex-
ceeds the fluence (∼ 8 × 10−7ergs cm−2) of the prompt
gamma-ray burst detected by the Swift Burst Alert Tele-
scope (Barthelmy et al., 2005a).
As in the case of GRB 050406, we have generated light
curves in two energy bands for this burst, shown in Fig-
estimation when there are few or no background
counts and when source counts are low, so it was
used to estimate parameters during the fitting.
Following the parameter estimation, statistics
were then applied to these parameter values as an
extra consistency check.
During the pre-flare and flare time regions,
mode switching led to collection of both PC mode
data and WT mode data. When the count rate
was high ( 5 c/s), WT mode data were used,
rather than PC mode data, in order to avoid ef-
fects due to pile-up on the detector. This did
not de ract significantly from the data since there
was nearly equivalent WT and PC mode coverage
throughout the time period before and during the
flare when the count rate was high. The PC and
WT mode lightcurves before and after the flare
were compared to one another to be sure that the
data points with little or no pile-up were consis-
tent with one another.
4. Results
4.1. Lightcurve
The overall lightcurve for GRB 050502B is
shown in Figure 1. Since the PC mode data were
piled-up during the bri ht flare, the more reliable
WT ode data were used for periods when the
count rate was high ( 5 c s ). T e overall
ligh curve has any features. There is an obvious
underlying decay curve. Superimposed on this de-
cay is a rapid and intense rate increase, beginning
at (345 30) s. For clarity, w will refer to this
large rate increase as the “giant flare” throughout
the remainder of the text. There is also signif-
icant shorter timescale variability near the peak
of the giant flare when viewed in the hard band
(1.0–10.0 keV), as shown in Figure 2. Following
the giant flare, the underlying decay continues at
a decay rate consistent with the decay rate before
the giant flare. After several hours ( 10 s), two
significant bumps in the X-ray emission occur con-
secutively. At an undetermined time during, or
after, the bumps, the underlying decay becomes
steeper.
The underlying decay before and after the gi-
ant flare can be fit by a single power law that de-
cays as , where = 0 2 (the error
bar is dominated by systematic variations associ-
ated with the choice of flare start and stop times)
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Figure 4. Background-subtracted X-ray light curve of
GRB 050502B (0.2-10 keV). Open circles represent WT
mode data and dots represent PC mode data. The latter
were corrected for pile-up where necessary. For details
of the data processing and analysis, see Falcone et al.
(2005).
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Fig. 3.— Flare and fit to underlying decay curve of
GRB 050502B. During the underlying decay, the
solid line corresponds to a fit of all data points
shown before and after flare. The dotted lines,
which are fits to the pre-flare and post-flare data
independently, do not deviate significantly from
fitting all underlying data simultaneously. Verti-
cal error bars are 1 statistical errors. Horizontal
error bars represent the time bin size.
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Fig. 4.— Spectral parameters of GRB 050502B.
” data points (during non-flare time periods)
represent parameter values fit using an absorbed
simple power law model. “x” data points (dur-
ing giant flare) represent parameter values fit us-
ing an absorbed power law with an exponential
cutoff. Panel 1 shows an obvious hardening dur-
ing the giant flare. During the flare, the value for
cut was free, but it remained at 2.5 0.2 keV,
except during the transition from the flare decay
to the underlying lightcurve dominated emission.
, shown in second panel, was a free parameter,
but it was required to be above the Galactic value
(Dickey & Lockman 1990), which is shown as a
solid line across the plot; this is the reason for the
uneven error bars during the flare. Error bars are
statistical errors, assuming two parameters of
interest. Upper limits are 90% confidence level.
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Figure 5. Background-subtracted X-ray light curve of the
GRB 050502B flare (0.2-10 keV). The solid lines indicate
the underlying afterglow (decay index of 0.8) and fits to
the flare rise and decay. For details of the data processing
and analysis, see Falcone et al. (2005).
4estimation when there are few or no background
counts and when source counts are low, so it was
used to estimate parameters during the fitting.
Following the parameter estimation, statistics
were then applied to these parameter values as an
extra consistency check.
During the pre-flare and flare time regions,
mode switching led to collection of both PC mode
data and WT mode data. When the count rate
was high ( 5 c/s), WT mode data were used,
rather than PC mode data, in order to avoid ef-
fects due to pile-up on the detector. This did
not detract significantly from the data since there
was nearly equivalent WT and PC mode coverage
throughout the time period before and during the
flare when the count rate was high. The PC and
WT mode lightcurves before and after the flare
were compared to one another to be sure that the
data points with little or no pile-up were consis-
tent with one another.
4. Results
4.1. Lightcurve
The overall lightcurve for GRB 050502B is
shown in Figure 1. Since the PC mode data were
piled-up during the bright flare, the more reliable
WT mode data were used for periods when the
count rate was high ( 5 c s ). The overall
lightcurve has many features. There is an obvious
underlying decay curve. Superimposed on this de-
cay is a rapid and intense rate increase, beginning
at (345 30) s. For clarity, we will refer to this
large rate increase as the “giant flare” throughout
the remainder of the text. There is also signif-
icant shorter timescale variability near the peak
of the giant flare when viewed in the hard band
(1.0–10.0 keV), as shown in Figure 2. Following
the giant flare, the underlying decay continues at
a decay rate consistent with the decay rate before
the giant flare. After several hours ( 10 s), two
significant bumps in the X-ray emission occur con-
secutively. At an undetermined time during, or
after, the bumps, the underlying decay becomes
steeper.
The underlying decay before and after the gi-
ant flare can be fit by a single power law that de-
cays as , where = 0 2 (the error
bar is dominated by systematic variations associ-
ated with the choice of flare start and stop times)
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Fig. 1.— Overall lightcurve of GRB 050502B. Ver-
tical error bars are 1 statistical errors. Horizon-
tal error bars represent time bin size. Open circle
points represent WT mode data, and dots repre-
sent PC mode data. The “giant flare” is the obvi-
ous 500 rate increase at (345 30) s. There is
also some bumpiness and/or flattening evident in
the lightcurve at 10 s, as well as an underlying
decay below all of this activity. Last datum is 90%
confidence level upper limit.
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Figure 6. Background-subtracted X-ray light curves of
the GRB 050502B flare. Top: Soft band (0.2-1.0 keV).
Middle: Hard band (1.0 - 10 keV). Bottom: H/S band ra-
tio. Like GRB 050406, the beginning of the flare is signif-
icantly harder than the preceeding afterflow, and the flare
softens as it evolves, eventually ending up with a band ra-
tio similar to the pre- and post-flare afterglow. For details
of the data processing and analysis, see Falcone et al.
(2005).
ure 6. The flare is significantly harder than the pre- or
post-flare afterglow, and softens gradually as it evolves,
with the hard band decaying much faster than the soft
band. We note that there is rapid variability in the hard
band at about 750 s.
The key features of this flare are:
• Underlying afterglow consistent with a single slope
before and after the flare.
• Flare increases by factor of 500.
• δt/t < 1 for both the rising and falling sides of the
flare.
• δt/t≪ 1 for the spike at the peak of the hard band.
• Flare softens as it progresses.
5. GRB 050607
The X-ray light curve of GRB 050607 is shown in Fig-
ure 7. Two flares are superposed on an underlying power-
law decay (index 0.58±0.07 until about 12 ks post-burst)
in the first 500 s post-burst. In this case, we do not mea-
sure the afterglow intensity before the first flare, which
may already be in progress when the XRT begins collect-
ing data. The BAT data points have been extrapolated
into the XRT band using two different spectral models,
showing that they are at least roughly consistent with the
XRT flux at about 100 s.
Fig. 2.| The ombined BAT and XRT GRB
050607 lighturve. The BAT uxes were extrapo-
lated in the 0.2{10.0 keV energy band assuming a
simple power law (squares) and a Band (asterisks)
spetral model. In the last BAT time bin (10{100
s) there was no detetion in the BAT data and an
upper limit was derived. The X-ray afterglow from
the entire set of observations is in the energy band
0.2-10 keV, pile-up orreted and plotted with 1
statistial errors while the time bars orrespond
to the time bin sizes. The broken power law best
t of the XRT data is shown; the dash-dot line is
the best t of the early attening of the afterglow
emission, while the entral engine was still ative,
and the dashed line is the power law best t of the
emission steepening  12 ks after the trigger.
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Figure 7. Background-subtracted X-ray light curve of
GRB 050607 (0.2-10 keV). This light curve includes two
different extrapolations of BAT data points into the XRT
energy band (points before 100 s). The points after
100 s are XRT data, corrected for pile-up where nec-
essary. The best-fit broken power-law is shown by the
dashed and dash-dot lines. This light curve has two early
flares. For details of the data processing and analysis,
see Pagani et al. (2005).
The main flar , which peaks at about 310 s, has total flu-
ence about 16% of the BAT prompt fluence. The rising
portion of this flare is extremely steep, with a power-law
slope of about 16 when referred to the BAT trigger, or
about 2.5 when referred to the beginning of the flare it-
self, and δt/t ∼ 0.2. The decay following the flare is less
steep; this flare is less symmetrical than the other exam-
ples presented here.
We have produced light curves in two energy bands to ex-
amine spectral variations during the flare (Figure 8). As
in previous cases, the hard band rises faster than the soft
band and also decays faster, resulting in an increase in
hardness ratio at the beginning of the flare and a gradual
decrease as the flare evolves and decays. Note that these
statements are true for both flares.
Salient features of these flares include:
• Two flares in first 500 s.
• Main flare increases by factor of ∼ 20.
• δt/t≪ 1 for the rising side of the flares.
• δt/t < 1 for the falling side of the flares.
• Both flares soften as they progress.
6. GRB 050730
This remarkable light curve (Figure 9) shows at least
three successive flares of comparable magnitude (factor
of 3–4) and durations (∼ 200 s). Furthermore, substan-
tial flaring and variability continue in this light curve out
to times of at least 35 ks in the observer’s frame.
5Fig. 4.| The hardness ratio of the early phase of
the X-ray afterglow. The hard (H=1.5{10.0 keV)
and the soft (S=0.2{1.5 keV) band energy ranges
were hosen to obtain a similar number of ounts
in the two bands. The hardness ratio (H-S/H+S)
shows evidene of spetral evolution during the
two ares, with a harder emission at the ares
onset and a soft omponent that lasted longer and
dominated the ares deay.
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Figure 8. Background-subtracted X-ray light curves of
GRB 050607. The top panel s ows the soft (S) band light
curve (0.2-1.5 keV in this cas ), the middl panel shows
the hard (H) band (1.5 - 10 keV), a d the b ttom panel
shows the hardness ratio, defined as (H-S)/ +S). For de-
tails f the data processing and analysis, see Pagani et al.
(2005).
Figure 9. Background-subtracted X-ray light curve of
GRB 050730 (0.3-10 keV). A possible underlying power-
law decay after the first hour is indicated by the solid
line. However, the variability throughout this light curve
is so large that it is difficult (or impossible) to establish
the level or slope of the afterglow contribution with cer-
tainty.
7. DISCUSSION
The flares discussed in the preceding sections have sev-
eral features in common, which collectively point to an
emission mechanism associated with internal shocks in
the GRB jet:
• Rapid rise and fall times, with δt/tpeak ≪ 1. It
is very difficult to obtain rapid variability in the
external shock, since the radiation physics of the
shock results in decay time constants no faster than
δt/tpeak ∼ 1 (Ioka et al., 2005). Possible mecha-
nisms associated with the internal shocks and jet for
these rapid variations include extended central en-
gine activity, anisotropic jets, or a jet comprised of
many “mini-jets” (Ioka et al., 2005).
• Many light curves have evidence for the same after-
glow intensity and slope before and after the flares
(see Osborne et al., 2005, for a counterexample).
This argues against energy injection into the exter-
nal shock by the flare, as would be expected if the
flare were associated with the external shock.
• Multiple early flares (at least 3 for GRB 050730) ar-
gue against one-shot explanations like the beginning
of the afterglow.
• Large flux increases (factors of tens to hundreds)
are incompatible with origins related to the Syn-
chrotron Self-Compton mechanism in the reverse
shock (Kobayashi et al., 2005).
• Flares typically soften as they progress. This is very
reminiscent of the behavior of the prompt emission.
Our conclusion is that the most likely explanation, which
seems to account for all of these observed features of the
x-ray flares, is that they are caused by internal shocks
similar to those that produce the prompt emission, but
with lower resultant photon energies. The lower energies
are a natural consequence of the late times (and corre-
sponding large radii) at which these flares are observed.
This conclusion requires extended activity by the central
engine at times long after the cessation of the prompt
gamma-ray emission. This points in turn to a mech-
anism like fall-back of material into the new black
hole whose formation caused the GRB, as discussed by
MacFadyen, Woosley, & Heger (2001) and King et al.
(2005).
More extensive discussions can be found in Nousek et al.
(2005), Zhang et al. (2005), and Panaitescu et al. (2005).
8. GRB 050904
We now consider the case of GRB 050904, the highest
redshift GRB found to date. The X-ray lightcurve of this
68 Cusumano et al.
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Figure 1. Light curve of GRB050904 as observed by BAT and XRT. This plot shows the
evolution of the GRB flux in the source rest frame. The rest frame flux is calculated from the 0.2-10
keV observed flux multiplying by (1 + z)2 with z = 6.29, and corresponds to flux emitted in the
1.4-73 keV energy band. The observed XRT count rates were converted into observed flux using the
best fit spectral parameters listed in Table 1. The BAT data (originally in the 15-350 keV band)
were first extrapolated into the XRT 0.2-10 keV band using a conversion factor evaluated from the
BAT best fit spectral model (values are in table 1) and then converted to rest frame. The error bars
represent the quadrature sum of the count rate statistic error plus the estimated uncertainties in the
conversion factors. Here, and in all the plots presented in this paper, the horizontal axis shows the
time in seconds starting from the BAT trigger in the rest frame, obtained by applying the correction
factor (1 + z)−1 to the observer frame time. The gaps in the XRT-PC data correspond to the part
of the orbit when the satellite was not observing this GRB. The inset shows the first 80 seconds of
the burst, with the excellent matching between the XRT and the extrapolated BAT fluxes.
Figure 10. Background-subtracted X-ray light curve of
GRB 050904, transformed into the rest fram f r z=6.29.
Th plot shows the BAT light curve, xtrapolated into the
XRT energy range (black points, from 0-75 s) superposed
on the XRT light curve (20-10,000 s). There is substan-
tial ove lap in this case between the BAT and XRT data
points, which agree fairly well. For details of the data
processing and analysis, see Cusumano et al. (2005).
burst is shown in Figure 10. The XRT light curve shows
a spiky flare at about 65 s, with substantial fluctuations in
count rate extending out to nearly 10 ks in the rest frame
of the burst.
Soft and hard band light curves for GRB 050904 are
shown in Figure 11. Unlike previous examples, the band
ratio declines steadily during the first 80 s of the XRT
data, but then remains low during the late-time variabil-
ity, when the XRT count rate is varying by an order of
magnitude or more.
This light curve exhibits several differences to those dis-
cussed in previous sections:
• Flaring seems to occur predominantly at much later
times (thousands rather than hundreds of seconds).
• The late flares exhibit no spectral variability, in stark
contrast to the flares discussed above.
It is not clear at this time whether the differences
between the flaring activity in GRB 050904 and the
bursts discussed above is related to the high redshift of
GRB 050904, although it seems quite premature to sug-
gest this on the basis of a single example. Observations of
additional flares, including additional high redshift cases,
will undoubtedly shed light on this over the next year.
9. GRB 050724
We conclude by briefly mentioning the short
GRB 050724 (Figure 12). Unlike the short GRBs
050509B (Gehrels et al., 2005) and 050813 (Fox et al.,
2005), which were very faint in X-rays and exhibited
power-law decays until they disappeared, the X-ray light
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Figure 2. Hardness ratio evolution of GRB050904. The top and middle panels show the
count rate evolution of XRT data in two different energy bands in the rest frame. Both are obtained
by the observed rates multiplyng by (1 + z). The two light curves are binned before conversion to
the rest frame in order to have at least 40 counts per bin in both bands. The two energy bands
quoted (0.2-2 keV and 2-10 keV) are the observed ones and correspond to 1.4-14 keV and 14-73 keV
in rest frame. The hardness ratio (bottom panel) is defined as H/S, where H and S are the high
energy and the low energy band, respectively.
Figure 11. Background-subtracted X-ray light curves of
GRB 050904, transformed into the rest frame for z=6.29.
The upper panel shows the hard (H) band (2-10 keV
in this case), the middle panel shows the soft (S) band
(0.2-2 keV), and the lower panel shows the band ratio
(H/S). For details of the data processing and analysis, see
Cusumano et al. (2005).
Figure 12. Background-subtracted X-ray light curve of
GRB 050724, showing BAT data extrapolated into the
XRT band, XRT data, and Chandra data. For details
of the data processing and analysis, see Barthelmy et al.
(2005b).
7curve of GRB 050724 is bright, complex, and has several
flare-like features. The optical and X-ray afterglows of
this burst are clearly associated with an elliptical galaxy
(Barthelmy et al., 2005b), making it very likely that the
GRB was the result of a compact object merger. How
then, in the rarified environment of a compact binary
system in the outskirts of an elliptical galaxy, can the
central engine produce flares and bumps at the late times
seen in this light curve? One possibility is a neutron
star-black hole merger. It is possible in such a system,
given the right initial conditions, for the black hole to
shred the neutron star, resulting in a lengthy period of
in-fall into the black hole from the shredded remnants of
the neutron star.
10. CONCLUSIONS
Observations of GRBs by the Swift XRT have shown that
flaring is very common in X-ray light curves of GRBs and
their afterglows. It seems likely that these flares result
from extended central engine activity, pointing toward a
much longer period of activity than expected on the basis
of gamma-ray observations of prompt emission. Further
progress in this area will undoubtedly result from statisti-
cal studies now underway of the properties of flares as an
ensemble. Ultimately, we expect these observational re-
sults to lead to improved theoretical models of black hole
formation and GRB central engines.
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